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Accelerate a first pulsed beam of particles
toward a first target such that a "fast’
neutron beam is created

510

Access data from a sensor configured to
detect a fission product

520

Determining, before accelerating a
second pulse of particles, whether the
physical region includes a fissionable
material

530

Accelerate a second pulse of particles
from the source toward a second target
such that a “slow” neutron beam is
created

540

Generate an image representing
attenuation of “fast” neutron beam by the
physical region
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DISTINGUISHING BETWEEN CLASSES OF
FISSIONABLE MATERIAL

CROSS-REFERENCE TO RELAT
APPLICATION

T
»

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 61/045,997, titled IDENTIFYING

NUCLEAR MATERIAL and filed on Apr. 18, 2008, and U.S.
Provisional Application Ser. No. 61/052,072, titled IMAG-

ING SYSTEM and filed on May 9, 2008 both of which are
herein incorporated by reference in their entirety.

TECHNICAL FIELD

This disclosure relates to distinguishing between classes of
fissionable materials.

BACKGROUND

Fissionable materials produce fission products in response
to being struck by accelerated particles having energy suifi-
cient to cause fission 1n the material.

SUMMARY

In one general aspect, a system for detecting fissionable
material includes a source configured to accelerate a pulsed
beam of charged particles. The system also includes a first
target configured to generate a fast neutron beam 1n response
to being struck by an accelerated charged particle included in
the pulsed beam of charged particles. The fast neutron beam
includes neutrons having an energy suilicient to cause fission
in a fissionable material. The system also includes a sensor
configured to detect radiation from a fission product, and a
processor coupled to a computer-readable storage medium.
The medium stores instructions that, when executed, cause
the processor to cause the source to accelerate a first pulsed
beam of charged particles toward the first target such that a
pulsed beam of fast neutrons 1s directed toward a physical
region, receive data from the sensor indicating whether {is-
sion product radiation 1s emitted from the physical region,
and determine, based on the data and before causing the
source to accelerate a second pulsed beam of charged par-
ticles, whether the physical region includes a fissionable
material.

Implementations may include one or more of the following
features. An image may be generated based on attenuation of
the fast neutron beam by the physical region. The generated
image may be analyzed to identify regions that are not pen-
ctrated by the fast neutron beam. A region of interest that 1s
located within the physical region may be received. Some of
the fast neutron beam may have an energy greater than 1.5
MeV, and the slow neutron has an energy of less than 1.5
MeV.

In some implementations, the system may include a second
target configured to generate a slow neutron in response to
being struck by an accelerated particle from the source. The
slow neutron having an energy suificient to cause fission in a
weaponizable material and 1nsuflicient to cause fission 1n a
non-weaponizable material, and a second pulsed beam of
charged particles may be directed toward the second target
such that a pulsed beam of slow neutrons 1s directed toward
the physical region. The second pulsed beam of charged
particles may have the same energy as the particles 1n the first
pulsed beam of charged particles. Data from the sensor that
indicates detection of fission radiation resulting from the slow
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neutron interacting with the physical region may be recerved,
and the region of interest may be determined to include a
weaponizable material based on the data.

The system also may include a steering module configured
to steer the accelerated pulsed beam of charged particles
relative to the first target and the second target. The steering
module may be a magnet configured to control a direction of
the first pulse. The first target and the second target may be
spatially separated from each other, and the steering module
may steer the first pulse of charged particles to the first target
to generate the fast neutron beam and the second pulse of
charged particles to the second target to generate the slow
neutron beam. The first target and the second target may be
located along a target ladder that 1s a single piece. The first
target and the second target may be the same matenal. The
first target may be beryllium or deuterrum, and the second
target may carbon.

The system also may include a track along which the
source moves relative to a region that includes the physical
region.

In another general aspect, a first pulsed beam of charged
particles from a particle accelerator 1s accelerated toward a
first target that 1s configured to emit a fast neutron beam 1n
response to being struck by an accelerated particle such that
the fast neutron beam 1s directed toward a physical region.
The fast neutron beam includes a neutron having an energy
suificient to cause fission 1n a fissionable material. Data from
a sensor configured to detect radiation of a fission product 1s
accessed, and before accelerating a second pulsed beam of
charged particles, whether the physical region includes a
fissionable material based on the data from the sensor is
determined.

Implementations may include one or more of the following
features. An1mage based attenuation of the fast neutron beam
by the physical region may be generated. The image may be
analyzed to identily regions of the physical region that are not
penetrated by the fast neutron beam. A second pulsed beam of
charged particles may be accelerated from the particle accel-
erator toward a second target configured to emit a slow neu-
tron beam 1n response to being struck by an accelerated par-
ticle such that the slow neutron 1s directed toward the physical
region. The slow neutron beam including a slow neutron
having an energy suilicient to cause fission 1n a weaponizable
material and 1nsuflicient to cause fission 1n a non-weaponiz-
able material.

Data from the sensor indicating production of radiation of
a fission product resulting from an interaction between the
physical region and the slow neutron beam may be accessed,
and, based on the data, 1t may be determined that the physical
region includes weaponizable material based on the data.
Accelerating the first pulsed beam of particles may include
accelerating a deuteron. The weaponizable material may be a
special nuclear material and the pulsed slow neutron beam
may have an energy of 0.5 MeV or less. Accessing data from
the sensor may include accessing data collected by the sensor
ten milliseconds or more after the first pulse of accelerated
particles 1s extinguished. In some implementations, 1t the
physical region includes a fissionable material, a second
pulsed beam of accelerated particles 1s accelerated toward a
second target configured to emit a slow neutron beam toward
the physical region 1n response to being struck by an accel-
erated particle, the slow neutron beam i1ncluding a slow neu-
tron having an energy suilicient to cause a weaponizable
material to fission and insuificient to cause fission 1 non-
weaponizable materials. It 1s determined whether the region
of interest includes a weaponizable materal.
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A location of a region of interest that 1s within the physical
region may be recerved. The source may be moved relative to
the physical region such that the materials detection system
scans the region of interest.

In another general aspect, an apparatus for generating a
dual-energy neutron beam from an accelerator includes a
source configured to accelerate a pulse of charged particles
having a single energy, a first target configured to produce a
pulse of neutrons of a first energy 1n response to being struck
by a charged particle 1n the pulse of charged particles, and a
second target made from a material different from the first
target and configured to produce a pulse of neutrons of a
second energy 1n response to being struck by a charged par-
ticle in the pulse of charged particles.

Implementations may include one or more of the following
teatures. The charged particles may be deuterons, and the first
target may be configured to produce a fast neutron beam in
response to being struck by the charged particle, where the
fast neutron beam includes neutrons having energy sufficient
to cause fission in fissionable materials. The second target
may configured to produce a slow neutron beam in response
to being struck by the charged particle, and the slow neutron
beam may include neutrons having energy suilicient to cause
fission 1n weaponizable materials and insufficient to cause
{Iss10on 1n non-weaponizable materials.

Implementations of any of the techniques described above
may include a method, a process, a system, a device, an
apparatus, or instructions stored on a computer-readable
medium. The details of one or more implementations are set
forth 1n the accompanying drawings and the description
below. Other features will be apparent from the description
and drawings, and from the claims.

DESCRIPTION OF THE DRAWINGS

FIGS. 1A-D, 2A, 2B, 3A, and 3B are plan views of
example systems for distinguishing between classes of Tuss-
ionable materials.

FIG. 1E shows an example timing diagram representing,
the output of a source that accelerates a pulsed beam of
particles.

FIG. 1F shows an example timing diagram representing
active detection cycles of a sensor configured to detect radia-
tion from a source having characteristics shown in FIG. 1C.

FI1G. 4 shows a block diagram of a system for distinguish-
ing between classes of fissionable materials.

FIG. § shows an example process for distinguishing
between classes of fissionable materials.

DETAILED DESCRIPTION

A pulsed dual-energy neutron beam 1s used to probe a
physical region, such the inside of a cargo container, to deter-
mine whether the physical region includes fissionable mate-
rials and/or weaponizable maternials, such as special nuclear
maternals. The pulsed dual-energy neutron beam 1s generated
from a single particle accelerator that accelerates a pulse of
charged particles (such as deuterons, or protons) toward a
target. The target produces a neutron 1n response to being
struck by a particle included in the accelerated pulse of
charged particles. Two targets, each of a different material,
may be used such that a dual-energy neutron beam 1s created
by using the single energy, single particle accelerator (such as
a radio frequency quadrupole). As compared to techniques
that use secondary targets to produce neutrons, the techniques
discussed below produce neutrons directly through interac-
tions between the particles from the source and the targets.
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This may result in more etficient production of neutrons and
a higher tlux neutron beam. Additionally, the techniques dis-
cussed below allow for detection of fission products between
pulses from the accelerator.

The dual-energy neutron beam may be a train of pulses of
“fast” neutrons that 1s followed by a train of pulse of “slow”
neutrons. A train of pulses may include thousands of pulses,
and a train of pulses may be referred to as a neutron pulse.
“Fast” neutrons are neutrons that are energetic enough to
cause fission in all, or almost all, fissionable materials.
“Slow” neutrons are less energetic than “fast” neutrons and
are only energetic enough to cause fission in weaponizable
materials. In between the pulses of neutrons, data from a
sensor that 1s configured to count fission products (e.g., neu-
trons and/or gamma rays that are produced upon fission of the
material) and/or measure radiation from fission products
determines whether a fissionable material and/or a weaponiz-
able material 1s present 1n the physical region.

Because only weaponizable materials undergo fission
when irradiated with the “slow” neutron pulse, by 1rradiating
the physical region with the dual-energy neutron beam, weap-
onizable materials may be distinguished from {fissionable
materials that are non-weaponizable. Thus, the techniques
discussed below may be used to distinguish between classes
ol fissionable materials and used to determine whether fis-
sionable matenals are present between pulses of a dual-en-
ergy neutron beam.

Additionally, the “fast” neutron beam 1s relatively intense
and penetrates most objects. Thus, an 1mage of the attenuation
of the fast neutron beam caused by passing through the physi-
cal region shows most objects 1n the physical region. How-
ever, the “fast” neutron beam does not penetrate all materials,
and these regions of non-penetration may show up as dark
regions 1n an image that 1s based on the attenuation of the
“fast” neutron. Identification of these regions ol non-attenu-
ation may provide an indication of materials of interest (such
as the lead shielding that may be obscuring nuclear material)
that require further manual 1nvestigation.

Referring to FIGS. 1A-1D, a plan view of an example
system 100 for distinguishing weaponizable materials from
fissionable materials 1s shown. Referring to FIG. 1A, at a time
“t1,” a pulsed beam of charged particles 1s created by accel-
erating a pulsed beam 105 of low-atomic number 10ns (e.g.,
deuterons, protons) from a source 10 toward a first target 115.
The source 110 may be a particle accelerator. The target 115
1s made of a material that generates neutrons 120 1n response
to being struck by the accelerated particles in the pulsed beam
105. Referrning to FIG. 1B, at a time “t2,” the source 110 no
longer produces the pulsed beam 105 (e.g., the source 110 1s
oll), but interactions between the neutrons 120 and a uranium
object 145 produce delayed fission products 155. A sensor
130 senses the delayed fission products 165 before another
pulse of neutrons 1s directed toward the physical region 125.

Because radiation of fission products 1s 1sotropic, the sen-
sor 130 may include more than one sensor arranged along the
physical region 125. The sensors 1n the sensor 130 may be, for
example, spaced equidistant from each other in the vertical
and/or horizontal direction with respect to the physical region
105. The sensors 1n the sensor 130 may be placed out of the
path of the pulsed neutron beam 120 1n order to minimize the
occurrence of detection of fission radiation that comes from
the pulsed neutron beam 120. An imaging sensor 132 1s
placed in the beam 120 and images the region 1035, or a
portion of the region 105, based on the attenuation of the
pulsed neutron beam 120.

FIGS. 1E and 1F show an illustration of the timing rela-
tionship between the sensor 130 and the pulsed beam from the
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source 110. As shown 1n FIG. 1E, at the time “t1,” a pulsed
beam 1s emitted from the source 110, and, as shown 1n FIG.
1F, at the time “t2,” delayed fission products are detected by
the sensor 130.

Referring to FIG. 1C, at a time *“t3,” another pulsed beam
107 of particles 1s accelerated from the source 110 toward a
target 135. The pulsed beam 107 has the same energy as the
pulsed beam 105, and the pulsed beam 107 comes from the
same source 110 as the pulsed beam 103. The target 135 1s
made of a material that generates neutrons 160 1n response to
being struck by the accelerated particles in the pulsed beam
107. As discussed 1n more detail below, the target 135 1s made
from a different material than the target 115, and, thus the
neutrons 160 have a different energy than the neutrons 120. In
particular, the neutrons 120 may be “fast” neutrons and the
neutrons 160 may be “slow” neutrons such that a dual-energy
neutron beam 1s generated. Referring to FIG. 1D, at a time
“t4,” interactions between the neutrons 160 and the uranium
object 145 produce delayed fission products 165, and the
source II 0 no longer produces the pulsed beam 105. A sensor
130 senses the delayed fission products 165. Thus, because
the interactions with both the “fast” neutron beam 120 and the
“slow” neutron beam 165 produce fission products, the ura-
nium object 145 1s 1dentified as likely to be a fissionable
material and a weaponizable material.

In greater detail, fission 1s an exothermic reaction in which
the nucleus of an atom splits into smaller parts. Fission may
release energy as both electromagnetic radiation 1n the form
of gamma rays and as kinetic energy in the form of free
neutrons that are released from the fission reaction. Detection
of delayed fission products (e.g., gamma rays and/or neu-
trons) from the region of interest indicates the presence of a
fissionable material. The delayed fission products may be
fission products that are emitted from the region of interest
after the fission-inducing particles provided by the source
have been extinguished.

The dual-energy neutron beam may include a “slow” neu-
tron that causes fission only 1n special nuclear materials and a
“fast” neutron beam that causes fission 1n all, or almost all,
fissionable materials. The “slow” neutron may be a neutron or
a neutron beam that includes neutrons having an energy less
than a particular threshold energy, and no neutrons above the
threshold energy. The threshold energy may be, for example
1.2 Mega electron volts (MeV) or 0.5 MeV. Thus, 1n these
examples, the “slow” neutron beam would include neutrons
lower than 1.2 MeV or lower than 0.5 MeV, respectively. The
detection of fission products after the “slow” neutron beam 1s
no longer 1irradiating an object (e.g., between pulses of accel-
erated particles from the source 110) 1indicates the presence of
a fissionable material that 1s also a special nuclear material.

The dual-energy neutron source also includes a “fast” neutron
that causes fission 1n all, or almost all, fissionable materials.
The “fast” neutron beam may include neutrons that have
energy greater than 1.2 MeV. In some examples, the “fast”
neutron beam includes neutrons that have an energy of
approximately 6 MeV. The “fast” neutron beam may include
neutrons having an energy that could be considered “slow.”
For example, the “fast” neutron beam that includes neutrons
having an energy greater than 1.2 MeV also may include
neutrons having an energy less than 0.5 MeV.

The detection of a fission product after the “fast” neutron
pulse 1s removed indicates that fissionable materials are
present. Thus, the sensor counts fission products aiter a “fast™
neutron pulse to determine whether fissionable materials are
present 1n the region of interest, and the sensor counts fission-
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able products after the “slow” neutron pulse to determine
whether special nuclear materials are present in the region of
interest.

Accordingly, the techniques discussed below may help 1n
the detection of special nuclear material and the detection of
fissionable materials using a pulsed dual-energy neutron
beam and detection of fission products between accelerator
pulses (e.g., between the pulse train of “fast” neutrons and the
pulse train of “slow” neutrons). Because both fissionable
materials and special nuclear materials (a subset of fission-
able materials) may be detected, the techniques discussed
below may be used to distinguish weaponizable materials
from other fissionable materials.

In greater detail, and referring to FIGS. 1A and 1B, at the
time “tl,” the pulsed beam of deuterons 105 1s accelerated
from the source 110 toward the target 115, and the pulse of
“fast” neutrons 120 1s generated and travels toward the physi-
cal region 125. The target 115 may be a material such as
beryllium (Be) or deuterium (D). The physical region 1235
includes the special nuclear material (SNM) object 145 and a
uranium 238 (U-238) object 150. The SNM object 145 under-
goes fission when 1rradiated with a “slow” neutron and when
irradiated with a “fast” neutron. In contrast, the U-238 object
150 undergoes fission when irradiated with the “fast” neutron
but not when 1rradiated with the “slow” neutron.

The pulse of “fast” neutrons 120 enters the physical region
125 and interacts with the SNM object 145. The physical
region 125 may be surrounded by a container, and the “fast™
and “slow” neutrons are energetic enough to penetrate the
container. The interaction between the “fast” neutron pulse
and the SNM object 145 produces fission products 155 that
are sensed (or counted) atthe sensor 130. The fission products
155 are delayed fission products that are present after the
prompt fission products (which occur concurrently with or
shortly after irradiation with the “fast” neutron pulse) have
subsided. The delayed fission products may occur, for
example, approximately 10 milliseconds (ms) after the end of
the “fast” neutron pulse 120. Thus, the sensor 130 may be
configured to count or otherwise detect fission products at a
set time after the “fast” neutron pulse 120 ends. Sensing
delayed fission products may help to improve performance by
reducing the inadvertent counting of neutrons in the “fast™
neutron beam itself as fission products that are produced as a
result of fission. Thus, sensing the delayed fission products
may reduce the false alarm rate of the system 100 as com-
pared to a system that senses prompt fission products. The
delayed fission products generated from the interactions
between the “fast” neutron pulse and the SNM object 145 are
detected by the sensor 130 and the presence of a fissionable
material (in this example the SNM object 145) 1s registered
betore the source 110 accelerates a pulsed beam of deuterons
105 toward the target 135.

Thus, the system 100 may be considered to count, or oth-
erwise detect, the presence of fissionable products 1n the
physical region 125 between the pulses of accelerated par-
ticles from the source 110.

Referring to FIGS. 1C and D, at a time *“t3,” the source 110
accelerates a pulsed beam of deuterons 107 toward the target
135. As discussed above, the pulsed beam 107 1s the same
energy as the pulsed beam 105. As compared to the position
of the source 110 1n the examples of FIGS. 1A and 1B, at time
“t3,” the source 110 has moved such that the pulsed beam 107
aligns with the target 135. For example, the source 110 may
move along arail 137. The target 135 1s made from a different
material than the target 115, and, thus, the interactions
between the target 135 and the accelerated particles produces
neutrons having a different energy than the neutrons 1n the
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neutron pulse 120. For example, the target 135 may be made
from carbon (C), and interactions between the target 135 and
the accelerated particles may result 1n the generation of the
“slow”” neutron pulse 160.

The “slow” neutron pulse 160 enters the physical region
125 and interacts with the SNM object 145 to produce
delayed fission products 165. The slow neutron pulse 160
enters the physical region 125 at approximately the same
place that the fast neutron pulse 120 enters the physical region
125. The fission products include prompt fission products that
occur concurrently with the irradiation of the SNM object 1435
by the pulse 160 and shortly thereatter, and the delayed fission
products 165 that are produced after the prompt fission prod-
ucts subside. Similar to the “fast” neutron beam pulse, the
delayed fission products may be those fission products that
are present approximately 10 ms after the “slow” neutron
pulse 160 ends. The presence of the fission products 165
indicates that the object 145 1s a SNM.

In contrast, the U-238 object 150 produces fission products
in response to being 1rradiated with the “fast” neutron beam
120, but the U-238 object 150 does not produce fission prod-
ucts 1n response to being 1rradiated with the “slow” neutron
beam 160. Thus, the U-238 object 150 and the SNM object
145 may be distinguished from each other because only the
SNM object 145 produce fission products in response to the
“slow” neutron beam 160. Accordingly, the system 100 may
be used to determine whether the physical region 125
includes {fissionable materials and whether the physical
region 125 includes special nuclear materials. In cases where
the physical region includes both fissionable maternials and
special nuclear materials, the system 100 may distinguish
between the two.

In some i1mplementations, the physical region 1235 1s
probed with the “slow” neutron beam only after 1t 1s deter-
mined that the physical region 1235 includes a fissionable
material (e.g., by irradiating the physical region with the
“fast” neutron beam). In these implementations, the source
110 accelerates a pulsed beam of deuterons toward the second
target 135 only when fission products such as the fission
products 155 are detected by the sensor 130. Only generating,
the “slow” neutron beam when {fissionable materials are
present may increase throughput of the system 100 and/or
reduce the amount of dose the system 100 delivers.

Additionally, a portion of the physical region 125 that 1s
identified as including fissionable material may be probed
with the “slow” neutron beam repeatedly until fission 1s
detected or until a predetermined amount of time has passed.
This allows the system 100 to focus on portions of the physi-
cal region 1235 that most likely include weaponizable materi-
als. This may result 1n energy savings as compared to tech-
niques that scan the entire physical region 125 with the
“slow” neutron beam. Additionally, repeatedly probing the
portion may improve performance by producing additional
detector signal that allows for fission products to be detected
from weaponizable materials that would not otherwise be
detected.

Referring to FIGS. 2A and 2B, a plan view of an another
example system for identifying fissionable materials and for
distinguishung special nuclear materials from {fissionable
materials 1s shown at two different times, “t5” and “t6.” The
system 200 1s similar to the system 100 except the system 200
includes a beam steering module 210 that steers the beam of
accelerated deuterons 105 along a target ladder 220 (or target
track 220). The steering module 210 may be a magnet that 1s
controllable to steer the beam 105 along the target ladder 220.
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The position of the beam 105 along the target ladder 220 may
be determined by controlling and/or positioning the steering

module 210.

The target ladder 220 includes targets 220aq and 2205 that
spaced along the target ladder 220. The targets 220a and 2205
are made from different materials. In the example shown 1n
FIGS. 2A and 2B, interaction between the beam 105 and the
target 220a creates a “fast” neutron beam, and the interaction
between the beam 1035 and the target 2205 creates a “slow”
neutron beam. The target 220a may be, for example, deute-
rium or beryllium, and the target 2205 may be carbon.

The example target ladder 220 includes two targets; how-
ever, in other examples, the target ladder 220 may include
more targets. For example, the target ladder may include both
a deuterium target and a beryllium target in order to produce
two ditlerent “fast” neutron beams as well as a carbon target
to produce a “slow” neutron beam.

Continuing with the example shown 1n FIG. 2A, at the time
“t5,” a pulsed beam of deuterons 103 1s accelerated from the
source 110 and the steering module 210 steers the pulsed
beam of deuterons 105 toward the target 220a to create a
“fast” neutron pulse that interacts with the SNM object 145.
After the “fast” neutron pulse ends, the delayed fission prod-
uct 155 1s detected at the sensor 130, indicating the presence
of a fissionable material. At the time *“t6,” another pulsed
beam of deuterons 107 1s accelerated from the source 110 and
the steering module 210 steers the pulsed beam 107 toward
the target 2205 to create a “slow” neutron pulse that interacts
with the SNM object 145. Delayed fission products 165 are
detected by the sensor 130 after the “slow” neutron pulse
ends, thus indicating the presence of a SNM matenal.

Referring to FIGS. 3A and 3B, a plan view of an another
example system for distinguishing special nuclear materials
from fissionable materials 1s shown at two different times,
“t6” and “t7.” The system 300 shown in FIGS. 3A and 3B 1s
similar to the system 200 shown 1n FIGS. 2A and 2B, except
the target ladder 220 moves relative to the source 110 and the
physical region 125. Thus, 1n this example, instead of using a
steering mechanmism such as the steering module 210 to steer
the beam from the source 110 along the target ladder 220 to
select a target to wrradiate, the target ladder 220 moves with
respect to the source 110. In particular, referring to FIG. 3A,
the target ladder 220 1s positioned with the target 220a to
receive the beam 105 from the source 110. Thus, a “fast”
neutron beam 1s produced from the interaction between the
beam 105 from the source 110 and the target 220a. Referring
to FIG. 3B, at a time “t7,” the target ladder 220 has moved
along the direction “d” such that the target 2205 1s positioned
to received the beam 107 from the source 110. Thus, a “slow™
neutron beam is produced by the interaction of the beam 107
and the target 2205.

FIG. 4 shows a block diagram of a system 400 used to
distinguish special nuclear materials from fissionable mate-
rials. The system 400 may be similar to the systems 100, 200,
and 300 discussed above. The system 400 includes a source
system 410 and sensor system 450. Together, the source sys-
tem 410 and the sensor system 450 determine whether a
physical region 405 includes fissionable materials and
whether the physical region 405 includes special nuclear
materials. Additionally, the system 400 distinguishes
between {issionable materials and special nuclear materials.

The source system 410 includes a source 4135, a target set
420, a beam steering module 425, source electronics 430, a
processor 435, an electronic storage 440, and an input/output
module 445. The source 415 1s a source that accelerates pulses
of charged particles (such as deuterons) toward the target set
420. The source 412 may be similar to the source 110 dis-
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cussed with respect to FIGS. 1A-1D. Interaction between the
pulses of accelerated particles from the source 415 and the
material ol the target set 420 produces a pulsed neutron beam.
The source 412 may be a single-particle, single-energy accel-
crator. In some implementations, the source 412 may include
more than one accelerator, each of which produces a different
type of particle.

The target set 420 includes one or more materials that
produce neutrons when struck by a pulse of accelerated par-
ticles from the source 415. The target set 420 may include
multiple materials that are arranged along a single-piece track
(such as the target ladder 220 shown1in FIGS. 2A, 2B, 3A, and
3B). In some implementations, the target set 420 may be
discrete targets that are physically separated from each other
rather than being included 1n a single track. The target set 420
may include solid targets made of, for example, deuterium,
beryllium, and/or carbon. In some implementations, the tar-
get set 420 may include gaseous targets, for example the
target could be gaseous deuterium. The materials may be the
same or the materials may be different from each other. In
examples 1n which the materials 1n the target ladder 220 are
different, the materials may be such that interactions between
the different materials and the pulsed beam from the source
415 produce neutron beams of different energies (such as a
“slow” neutron and a “fast” neutron).

The source system 410 also includes the beam steering
module 420. The beam steering module 420 steers the beam
from the source 415 with respect to the target set 420 such that
the beam from the source 415 strikes a particular portion of
the target set 420. Thus, the beam steering module 420 allows
selection of the energy of the neutron beam produced by the
interaction of the beam from the source 415 and the material
within the target set 420. The beam steering module 420 may
be a magnet that controls the direction of the beam. In some
implementations, the steering module 420 acts to move the
target set 420 with respect to the source and/or the physical
region 405 or to move the source 415 with respect to the target
set 420.

The source system 410 also includes the source electronics
430. The source electronics 430 provide timing for acceler-
ating the pulses of particles from the source 415 and for
controlling the steering module 420. For example, 1n imple-
mentations 1n which the steering module 420 1s a magnet, and
the beam from the source 415 1s steered only when the magnet
1s activated, the source electronics 420 may activate and deac-
tivate the magnet.

The source system 410 also includes a processor 435, an
clectronic storage 440, and an input/output module 445. The
clectronic storage 440 stores instructions, that when
executed, cause a processor coupled to the source 4135 to
accelerate a pulse of particles toward the target set 425 or a
particular portion of the target set 425. The electronic storage
440 also may include mstructions that, when executed, cause
the processor 435 controlling the steering module 420. Add:i-
tionally, the electronic storage 440 may store predefined val-
ues that define the duration and frequency of the pulses of
accelerated particles that are emitted from the source 4135.

The electronic storage 435 1s an electronic memory mod-
ule, and the electronic storage 435 may be a non-volatile or
persistent memory. The processor 430 may be a processor
suitable for the execution of a computer program such as a
general or special purpose microprocessor, and any one or
more processors of any kind of digital computer. Generally, a
processor receives instructions and data from a read-only
memory or a random access memory or both. The processor
430 receives mstruction and data from the components of the
source system 410 and/or the sensor system 430, such as, for
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example, a location and/or other indication of the presence of
a fissionable material within the physical region 405 that
causes the source 415 and the steering module 420 to direct a
pulse of accelerated particles toward the 1dentified fissionable
materials and a portion of the target set that includes a mate-
rial that produces “slow” neutrons when struck by an accel-
erated particle. In some implementations, the source system
410 1ncludes more than one processor.

The mput/output module 445 may be any device or module
able to transmit data to, and receive data from, the source
system 410. For example, the input/output device 445 may be
a mouse, a touch screen, a stylus, a keyboard, or any other
device that enables a user to interact with the source system
410. In some 1implementations, the mput/output module 445
may be configured to receive an input from an automated
process or a machine and/or configured to provide an output
to an automated process or a machine.

The system 400 also includes the sensor system 450. The
sensor system 4350 senses delayed fission products that ema-
nate from the physical region 405 due to the wrradiation of
fissionable materials within the physical region 405 by the
source system 410. The sensor system 450 includes a fission
product sensor 460, an attenuation 1image sensor 463, sensor
clectronics 470, a processor 473, an electronic storage 480,
and an mput/output module 485.

The fission product sensor 460 1s sensitive to fission prod-
ucts emitted from the physical region 405 1n response to being
irradiated with the “slow”™ or “fast” neutron beams emitted
from the target set 425. The fission product sensor 460 may be
an array of scintillators that detect treed neutrons and/or
gamma rays. For example, the fission product sensor 460 may
be liquid or plastic scintillators and/or germanium (Ge) or
high-performance germanium (HPGe) detectors.

The sensor system 450 also includes the attenuation imag-
ing sensor 465. The imaging system 465 may be similar to the
imaging sensor 132 discussed above. The imaging sensor 465
1s a sensor configured to generate an 1image of the attenuation
of the “fast” neutron beam that 1s caused by the “fast” neutron
beam traveling through the physical region 4035. The imaging
sensor 465 includes read-out electronics (not shown) that
provide an electrical signal proportional to the radiation
received by the imaging sensor 465. The imaging sensor 4635
may be, for example, a plastic scintillator. The imaging sensor
465 1s placed 1n the path of the neutron beam such that the
imaging sensor produces an image of the physical region 405.
The imaging sensor 465 may generate the image of the physi-
cal region 405 by building up an image from 1mages of slices
of the physical region 405. As compared to the fission product
sensor 460, the imaging sensor 4635 may have a smaller active
sensing area.

The sensor electronics 470 include electronics for power-
ing and controlling the sensor system 4350. For example, the
sensor electronics 470 may control the fission product sensor
460 such that the fission product sensor 470 1s 1nactive while
the physical region 405 1s 1irradiated with the pulsed neutron
beam from the source 405 and 1s activated after a time corre-
sponding to the time for the prompt fission products to sub-
side.

The sensor system 4350 also includes a processor 475, an
clectronic storage 480, and an imput/output module 485. The
clectronic storage 480 stores instructions, that when
executed, cause the processor 473 to determine a number of
counts of fission products sensed by the fission product sensor
460 or an amount of energy sensed by the fission product
sensor 460. If the amount of energy exceeds a predefined
threshold, the sensor system 450 may produce an alarm that 1s
percervable to an operator of the system 400 and/or the sensor
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system may provide a location of the source of the energy to
the source system 410 such that the source system 410 may
perform a confirmation scan of the location.

The electronic storage 480 may store a pre-determined
threshold value for an amount of energy or a count of fission
products above which a fissionable material and/or special
nuclear material 1s 1dentified. The threshold value may rep-
resent a background level of fission products that 1s expected
to be detected regardless of whether fissionable materials are
present. The electronic storage 480 also includes instructions,
that when executed, cause the processor 475 to determine a
location corresponding to an i1dentified fissionable material
and to provide the location to the source system 410.

The electronic storage 480 1s an electronic memory mod-
ule, and the electronic storage 480 may be a non-volatile or
persistent memory. The processor 475 may be a processor
suitable for the execution of a computer program such as a
general or special purpose microprocessor, and any one or
more processors of any kind of digital computer. Generally, a
processor receives instructions and data from a read-only
memory or a random access memory or both. In some 1mple-
mentations, the sensor system 430 includes more than one
Processor.

The input/output module 485 may be any device or module
able to transmit data to, and receive data from, the sensor
system 450. For example, the input/output module 485 may
be a mouse, a touch screen, a stylus, a keyboard, a display
device, or any other device that enables a user to interact with
the sensor system 450 or with data produced by the sensor
system 450. In some 1implementations, the mput/output mod-
ule 485 may be configured to receive an input from an auto-
mated process or a machine and/or configured to provide an
output to an automated process or a machine.

FIG. 5 shows an example process 500 for distinguishing
between {issionable materials and specific types of fission-
able materials, such as special nuclear materials. The process
500 may be performed by one or more processors included 1in
a system that uses a dual-energy neutron beam to distinguish
between fissionable materials from special nuclear maternials.
For example, the process 500 may be performed by a system
such as the systems 100, 200, 300, or 400 discussed above.

A first pulsed beam of charged particles 1s accelerated
toward a first target such that a “fast” neutron beam 1s created
(510). The pulsed beam of particles may include particles
such as deuterons, protons, or 1ons. The {irst target 1s a mate-
rial, such as beryllium or deuterium, that produces neutrons in
response to being struck by an accelerated particle. The “fast™
neutron beam travels toward a physical region and interacts
with materials within the physical region. The physical region
may be, for example, an open space inside ol or on a container
used to transport goods and capable of hiding contraband,
such as a truck, a shipping container, a rail container, an
automobile, or an airplane cargo or passenger hold. The
physical region may be a space 1n or on a smaller, hand-
portable 1item such as a purse, a suitcase, or a trunk. The “fast™
neutron beam includes neutrons having sufficient energy to
penetrate the walls of the container and to travel through the
container to interact with the objects 1n the physical space.

The neutrons included 1n the “fast” neutron beam also have
suificient energy to cause fission 1n fissionable matenals.
Thus, the interaction of the “fast” neutron beam and fission-
able materials causes the production of fission products (e.g.,
freed neutrons and/or gamma rays). In some 1mplementa-
tions, a region of interest within the physical region may be
identified prior to the acceleration of the pulsed beam of
particles toward the first target. The region of interest may be
a region of the physical region that was automatically ident-
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fied 1n an earlier scan as possibly including fissionable mate-
rials, or the region of interest may be a location that was
identified by a person observing the container with a radiation
monitor. The region of interest may be a location that was
identified with a different screening system.

Data from a sensor that 1s configured to detect fission
products 1s accessed (520). The sensor may be, for example,

a sensor such as the fission product sensor 460 discussed with
respect to FI1G. 4 that senses the products of fission that are
present after a time (e.g., 10 ms) that 1s suflicient to allow
prompt fission products to subside once the incident “fast™
neutron beam 1s removed. The data accessed from the sensor
may 1nclude a count or other measure (such as an amount of
energy sensed) of the amount of fission products sensed dur-
ing a particular time measured with respect to the end of the
incident “fast” neutron beam. For example, the data may
represent an indication of the detection of delayed fission
products. The data in the sensor may be accessed by accessing
an electronic storage associated with the sensor (such as the
clectronic storage 480), by transierring the data to a source
system such as the source system 410, and/or by presenting
the data to an operator of a system that distinguishes between
fissionable materials and special nuclear materials.

Whether the physical region includes fissionable materials
1s determined before accelerating a second pulsed beam of
particles (530). Whether the physical region includes fission-
able materials may be determined based on the data from the
sensor. The presence of fissionable materials 1s determined
before another pulse of particles 1s accelerated from the
source, thus, the presence of the fissionable products 1s
detected between accelerator pulses.

A second pulse of particles (such as deuterons) 1s acceler-
ated from the source to a second target such that a “slow”
neutron beam 1s created (340). The second target may be a
material that produces a “slow” neutron beam 1n response to
being struck by the pulsed beam of accelerated particles. The
second target may be made from carbon, for example. The
“slow’”” neutron beam enters the physical region and interacts
with the materials 1n the physical region. The “slow” neutron
beam has energy suilicient to cause fission in special nuclear
materials and some other weaponizable materials, but not in
all fissionable materials. Thus, 11 a material produces fission-
able products 1n response to interacting with the “slow” neu-
tron beam, the material 1s most likely a special nuclear mate-
rial. An alarm may be triggered 1f a special nuclear material 1s
detected. Accordingly, by causing interactions between a
“slow” neutron beam and a “fast” neutron beam, the system
may distinguish between fissionable materials and special
nuclear materials. In some implementations, the “slow’ neu-
tron beam 1s produced only if fission products are sensed as a
result of 1rradiating the physical region with the “fast” neu-
tron beam.

An 1mage that represents attenuation of the “fast” neutron
beam by the physical region 1s generated (550). As discussed
above, 1mages of the physical region’s attenuation of the
“fast” neutron beam may show regions of the physical region
that neutrons do not penetrate. These regions may include
very dense materials that are often used to shield nuclear (or
other hazardous) materials. Thus, the regions showing non-
penetration are of interest because they may include materials
ol interest. The attenuation 1image may be generated after
scanning the entire physical region. The regions of non-pen-
etration may show up as dark regions. The attenuation image
may be analyzed for the regions of non-penetration by, for
example, applying an edge-detection algorithm to the attenu-
ation 1mage to look for sharp changes in intensity and/or by
applying a threshold to the image to find regions of low
intensity. In some 1mplementations, the attenuation image
may be presented to an operator for visual mspection. For
example, the attenuation 1image may be presented to an opera-
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tor of the system 400 on a display device included in the
input/output module 485. In some implementations, the
attenuation 1image may be provided to an automated process.

Products of fission that are sensed 1n subsequent cycles of

exposure to the pulsed dual-energy neutron beam may be
stored and accumulated for further processing and analysis.
In some implementations, the dual-energy neutron beam may
include multiple pulses of the “slow” neutron beam aiter a
pulse of the “fast” neutron beam, and the fission products
resulting from the fission caused by the “slow” neutron beam
may be accumulated over time.

A number of implementations have been described. None-
theless, 1t 1s understood that other implementations are within
the scope of the claims.

What 1s claimed 1s:

1. A system for detecting fissionable material, the system
comprising;

a source configured to accelerate a pulsed beam of charged

particles;
a first target configured to generate a first neutron beam in
response to being struck by accelerated charged par-
ticles, the first neutron beam including neutrons having
a {irst energy that 1s suilicient to cause fission 1n a first
class of fissionable material, wherein said first class of
fissionable material 1s non-weaponizable {fissionable
material;
a second target configured to generate a second neutron
beam 1n response to being struck by accelerated charged
particles, the second neutron beam including essentially
only neutrons having a second energy that 1s lower than
the first energy, the second energy suflicient to cause
fission 1n a second class of fissionable material, wherein
said second class of fissionable maternal 1s weaponizable
fissionable material, and 1nsufficient to cause fission 1n
the first class of fissionable material;
a sensor configured to detect radiation from a fission prod-
uct; and
a processor coupled to a non-transitory computer-readable
storage medium, the medium storing instructions that,
when executed, cause the processor to:
cause the source to accelerate a first pulsed beam of
charged particles toward the first target such that the
first neutron beam 1s directed toward a physical
region,

cause the source to accelerate a second pulsed beam of
charged particles toward the second target such that
the second neutron beam 1s directed toward the physi-
cal region,

determine, based on data from the sensor, whether the
physical region includes a fissionable material, and

in response to a determination that the physical region
includes a fissionable matenal determine whether the
fissionable material 1s part of the first class of fission-
able material or the second class of fissionable mate-
rial based on the data from the sensor.

2. The system of claim 1, wherein the instructions further
cause the processor to receive a region of interest that i1s
located within the physical region.

3. The system of claim 1,

wherein the second pulsed beam of charged particles has
the same energy as the particles 1n the first pulsed beam
of charged particles.

4. The system of claim 1, further comprising a steering
module configured to steer an accelerated pulsed beam of
charged particles relative to the first target and the second
target.

10

15

20

25

30

35

40

45

50

55

60

14

5. The system of claim 4, wherein the steering module 1s a
magnet configured to control a direction of the first pulse.

6. The system of claim 4, wherein the first target and the
second target are spatially separated from each other, and the
steering module steers the first pulse of charged particles to
the first target to generate the first neutron beam and the
second pulse of charged particles to the second target to
generate the second neutron beam.

7. The system of claim 1, wherein the first target and the
second target are located along a target ladder that 1s a single
piece.

8. The system of claim 1, wherein the first target and the
second target are the same material.

9. The system of claim 1, wherein the first target 1s beryl-
llum or deuterium, and the second target 1s carbon.

10. The system of claim 1, further comprising a track along
which the source moves relative to a region that includes the
physical region.

11. The system of claim 1, wherein the system 1s config-
ured such that the data of the sensor i1s analyzed for the
presence ol delayed fission products.

12. The system of claim 11, wherein the sensor 1s activated
only when the physical region 1s not irradiated by the first
neutron beam or the second neutron beam.

13. The system of claim 1, further comprising an imaging
sensor placed 1n the path of one or more of the first neutron
beam and the second neutron beam.

14. The system of claim 1, wherein the source 1s a single
energy accelerator.

15. The system of claim 1, wherein the first neutron beam
1s a fast neutron beam that includes neutrons having an energy
greater than a threshold energy, and the second neutron beam
1s a slow neutron beam having neutrons having an energy less
than the threshold energy.

16. The system of claim 15, wherein the instructions fur-
ther include instructions to cause the processor to generate an
image based on attenuation of the fast neutron beam by the
physical region.

17. The system of claim 16, wherein the instructions fur-
ther include instructions to analyze the generated image to
identily regions that are not penetrated by the fast neutron
beam.

18. The system of claim 15, wherein the processor 1s fur-
ther configured to:

recerve data from the sensor indicating detection of fission

radiation resulting from the slow neutron interacting
with the physical region, and

determine that the region of 1nterest includes a weaponiz-

able material based on the data.

19. The system of claim 15, wherein at least one neutron
included in the fast neutron beam has an energy greater than
1.5 MeV, and the slow neutron beam has neutrons having an
energy of less than 1.5 MeV.

20. The system of claim 15, wherein the slow neutron beam
only has neutrons having an energy less than the threshold
energy.

21. The system of claim 15, wherein the weaponizable
material comprises a special nuclear material, and the second
class of fissionable material comprises uranium-238.

22.The system of claim 15, wherein the threshold energy 1s
about 1.2 MeV.

23. The system of claim 15, wherein the fast neutron beam
further includes neutrons below 0.5 MeV.
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